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Accelerated aging of 15 kV Cross-linked Polyethylene (XLPE) and Ethylene 
Propylene Rubber (EPR) power cables was carried out in the experiments set for the 
study of this thesis. The degradation of cable insulation under different aging conditions 
was studied and compared. The study helped to understand the effects of different factors 
on the aging of XLPE and EPR cable insulation.  
In the study, degradation of XLPE cable insulation caused by switching impulses 
was investigated. The deterioration of EPR cable insulation initiated by elevated ac 
voltage and switching impulses were also studied. Measurements of partial discharge 
parameters, capacitance, and dissipation factor were analyzed to evaluate the condition of 
cable insulation during accelerated aging process. Measurement of ac breakdown voltage 
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1.1 Objective of the study 
Solid polymer extruded cables served high voltage transmission and distribution 
systems since the 1950s. During their service in power systems, the aging of insulation 
materials caused by electrical, mechanical, thermal stress, and environmental conditions 
took place. The aging of insulation materials would lead to the later damage of cables, 
resulting in outages of electrical power systems. Thus, it is of great significance to study 
the aging phenomena of cable insulation to ensure the safety of uninterruptable power 
delivery [1].  
The aging of 15 kV XLPE and EPR power cables was conducted in the 
experiments set for the study. The study aimed at gaining new understanding of aging 
phenomena for XLPE and EPR power cables, which was caused by electrical stress and 
environmental conditions. Another goal of the study was to help estimate the lifetime of 
the XLPE and EPR cables served in electrical power systems, although it is often 
suggested that aging factors other than electrical stress and environmental conditions also 
need to be taken into consideration. The main threats to the cable insulation included the 
electrical stress and the surrounding environmental conditions. The electrical stress, 
brought by both operation voltages and abnormal overvoltages was believed to have 
negative impacts on the health of underground cables. Among different sources of
2 
overvoltage, the switching surges were proven to be extremely harmful to the power 
cable insulations. Other threats might come from the surrounding environments. The 
temperature, existence of oxygen, and water in the surrounding area would affect the rate 
of aging of the insulation materials [2]. The increase in temperature would lead to the 
decrease of melting enthalpy, resulting in the reduction of ac and impulse breakdown 
strength. The existence of oxygen would accelerate the oxidization of insulation 
materials, leading to the further deterioration of insulation materials [3]. The moisture 
near the cables, together with the applied electrical stress, would initiate the treeing 
phenomena in the polymer materials. It was reported that most of the failure of solid 
dielectric extruded cables was due to the treeing growing inside the cable insulation, 
which bridged the conductors and shielding wires [4].   
Typical materials used for power cables insulation included Polyethylene (PE), 
XLPE and EPR. Due to its ability to retain physical and electrical characteristics in the 
presence of water and oxygen, PE was used as cable insulation since the appearance of 
solid dielectric extruded cables, although it was proven that PE materials is venerable to 
water treeing phenomena. PE power cables were gradually replaced by XLPE and EPR 
power cables in North America. XLPE cables and EPR cables were relative new, since 
they were introduced into electrical power systems in 1960s [5]. The low dissipation 
factor, low permittivity, high short-term dielectric and relative resistant to degradation 
caused by water treeing made XLPE and EPR suitable for cable insulation materials. The 
innovations in manufacturing insulation materials also directed cable industry to focus on 
XLPE and EPR cables [6].  
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During the manufacturing process, the cavities and voids would form inside 
insulation materials. Other typical imperfections inside insulation included 
contaminations, protrusions, inclusions of foreign objects, and gas bubbles. When the 
cables were placed under high electric stress, the local electric field across the voids 
would exceed the breakdown strength, resulting in partial discharge inside insulation. If 
not suppressed, the continuous partial discharge would further damage the insulation 
materials through electro-chemical changes, leading to the final breakdown of cables. 
However, the relationship between partial discharge and the lifetime of cables has not 
been fully understood.  
Moreover, the measurements and detections of partial discharge parameters were 
proven to be a useful diagnostic tool in evaluating the status of cable insulation both, in 
field and in the laboratory. In the study, the measurements of partial discharge parameters 
were taken in laboratory. The measured partial discharge parameters included inception 
voltages, extinction voltages, phase angles of discharges, pulse counts, and pulse 
magnitudes in a specific time frame. The change of partial discharge parameters were 
believed to result from the change of insulation materials, indicating aging took place.  
Generally, the breakdown phenomena of solid materials were believed to be very 
complex issues, which involved a lot of electro-chemical reactions. The thermal 
breakdown mechanism, electrical breakdown mechanism and electrical thermal 
breakdown mechanism cannot be applied to all conditions [5]. The breakdown 
mechanism would vary as the shape, magnitude, and duration of applied voltages vary. In 
the study, the breakdown voltage of cables under ac 60 Hz voltages was studied. In all 
cases, electrical treeing is the final stage of the insulation degradation process, although 
4 
the origins of the electrical treeing may come from water treeing or cavities inside 
insulation [6].  
 
1.2 Overview of the study 
The experiments were conducted in the High Voltage Laboratory of Mississippi 
State University. In the experiments, the aging of 15 kV XLPE power cables in dry 
condition was carried out. The aging of 15 kV EPR power cables was carried out in both 
dry and wet condition. The XLPE cable samples were aged only by switching impulses, 
while the EPR cable samples were aged by switching impulses and elevated ac voltage 
accordingly. The standard 250/2500 µs switching impulses were applied by a 4-stage, 8 
kJ impulse generator. 10,000 switching impulses were applied to cable samples. The 
elevated ac voltage was provided by a   4 kVA, 120/24000 V transformer. A 2 kVA 
current transformer was employed to heat the stranded conductors of EPR power cables 8 
hours a day, which simulated the load cycles encountered in the real power system. To 
evaluate the rate of cable deterioration, different test methods were used in the study. The 
measurements of partial discharge parameters, including inception voltage, distinction 
voltage, phase of discharge, pulse magnitude, and pulse counts, was treated as indicator 
of growing degradation inside insulation. The measurement of capacitance and loss 
factors revealed the change of bulk properties of cables’ insulation materials during aging 
process. The ac breakdown voltages were determined at the end of aging. The 
measurement of ac breakdown voltages showed the remaining dielectric strength of 
XLPE and EPR cable samples after aging, which suggested the reliability of cables 





Throughout the history of underground power systems, different types of power 
cables have been used. The development in manufacturing insulation materials led to the 
shift from paper insulated power cables in 1890s to polymeric power cables in 1960s. 
This chapter discussed the history of power cables used in underground transmission and 
distribution systems. 
 
2.1 Paper-oil insulated cables 
Paper insulated cables were the first type of cable employed in power systems. 
Based on the notion of Sebastian de Ferranti, the construction of the first 10 kV 
underground power system was achieved in 1891 by using cables with tape-wound paper 
insulation, which were regarded as the prototype of modern paper insulated cables [2]. 
Since the days of Ferranti, paper insulated cables were the dominant cables in 
underground power systems. 
In order to reduce the insulation failure during the 1920s, paper-oil insulated cable 
were developed, in which paper insulation was impregnated with low viscosity oil.  The 
oil was forced to penetrate into and out of cables during thermal cycling [8]. 
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The replacement for extruded solid dielectric cables has already taken place in 
low, medium, and certain high voltage transmission and distribution systems. Paper-oil 
insulated cables still play a dominant role in the Extra High Voltage (EHV) and Ultra 
High Voltage (UHV) power transmission system.  
During the long history of paper insulated cables, the technological innovations 
were made mainly in the increase in dielectric strength, progress with thermal problems, 
and increase of cooling effects of the cables system. The major concerns of the cable 
industry on paper-oil insulation included the dielectric losses of oil impregnated paper, 
the current-induced losses of conductors, the limitation of transmitted power set by 




Figure 2.1   Modern three phase paper insulated power cable 
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2.2 Extruded dielectric power cables 
The innovation in the manufacturing of polymeric materials in 1941 triggered a 
dramatic change in the selection of insulation materials for power transmission and 
distribution cables. Since then, various polymeric materials have been used as the 
insulation materials for extruded power cables. The most common extruded dielectric 
power cables include Silicone Rubber insulated (SIR) cables, Ethylene Propylene Rubber 
(EPR) insulated cables, polyethylene (PE) insulated cable, and Cross-linked polyethylene 
(XLPE) insulated cables [7].  
The PE became the first widely used polymeric materials in cable insulation. It 
was first introduced to the cable industry during the World War II for high frequency 
cables insulation. To satisfy the ongoing demands from the underground power systems, 
the PE materials became the material choice for the medium voltage power cables 
insulation. As of the 1970s, PE cables took 50% of the cable market. It was widely 
accepted that polyethylene was superior for its moisture resistance. The polyethylene 
used in the cable industry has a very high molecular weight, which is often referred as 
HMWPE [8]. XLPE was first patented in 1959 and its widespread use in cable insulation 
could be traced back to the later 1960s and the early 1970s [9]. Since the XLPE materials 
allowed higher operation and emergency temperature, they were produced to gradually 
replace PE materials in cable industry in the voltage range 15 to 46 kV in North America 
[10]. Due to their temperature stability, XLPE distribution cables have replaced PE 
distribution cables in some other countries as well. EPR is another type of significant 
material employed in manufacturing dielectric extruded cables. Compared with XLPE 
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materials, EPR compounds contain only about 50% of the base polymers and have 
complex formulation. The most distinct feature of EPR materials is their low dielectric 
losses [11] [12]. Table 2.1 compared the dielectric losses of EPR power cables with 
XLPE power cables. 
 
Table 2.1   Comparison of dielectric losses in power cables [11] 
Cable Description Dielectric Losses, KW/cct.km 
Yearly  
Energy Savings 
XLPE EPR MWh/cct.km 
507 mm2 (1000 kcmil) Cu,         
69 kV cable with 16.5 mm wall 0.09 1.85 15 
507 mm2 (1000 kcmil) Cu,       
138 kV cable with 22 mm wall 0.30 6.18 52 
507 mm2 (1000 kcmil) Cu,       
230 kV cable with 26 mm wall 0.75 15.2 127 
cct. km: circuit kilometers. 
 
Compared with paper-oil insulated cables, the merits of extruded dielectric cables 
are the excellent electric properties, moisture resistance, extremely low moisture vapor 
transmission, and high resistance to chemicals and solvents [7]. Figure 2.2 presents the 





Figure 2.2   Cross-section of a medium voltage EPR power cable 
 
2.3 Defects in extruded dielectric cables 
At pure status, both XLPE and EPR materials have a very high ac short-time 
breakdown strength (usually larger than 7000 kV/cm), which leads to their applications in 
cable. However, the breakdown voltages of actual extruded dielectric cables can never 
reach those high values. Numerous investigations and research have shown that the 
imperfection inside insulation should be attributed to the reduction of electrical strength 
[13-15]. Generally, the imperfections are classified according to their physical 





Figure 2.3   Typical defects in solid dielectric cables [21] 
 
 
Those defects might be produced during manufacturing, transportation, and 
installation. The innovations in manufacturing greatly reduced the voids, contaminations, 
and inhomogeneities. However, the imperfection in insulation can never be eradicated 
completely. The remaining defects would influence the electric filed distribution inside 
insulation, initiating the electrical degradation of solid dielectric cables.  
Among all the imperfections, the voids were treated as the most critical defects 
for the operation of solid dielectric cables [16]. The word “voids” in the cable industry 
may be referred to as the defects b), c), and e) shown in figure 2.3. The voids in cable 
insulation are a potential place for occurrence of partial breakdown phenomena, which 
can be detected through measurement of partial discharges.  Voids are often the places 
a) Loose semi-conductive screen, 
b) Bubbles caused by gas-evolution in the conductive screen, 
c) Cavities due to the shrinkage or gas-formation in insulation, 
d) Defects in the core-screen, 
e) Inclusion of foreign particles that separate gases,  




where water tree or electrical tree start to grow, which cause the premature failure of 
solid dielectric cables. Yet no correlation the between the size of voids and breakdown 
voltages of solid dielectric cables has been established,  
 
2.4 Aging mechanisms for extruded dielectric cables 
It is well accepted that power cables in services are subjected to different stresses, 
including electrical stress, thermal stress, and environmental stress. All these stresses, as 
well as the internal defects inside cable insulation, will initiate the aging of power cables. 
Aging under multi-stress has been studied by many authors. Different life models were 
proposed as well [17-20]. Yet none have fit all circumstances. Aging under a single factor 
was extensively studied by scientists. Among all the single aging theories, the most 
common aging theories are partial discharge mechanism, water tree mechanism, and 
electrical tree mechanism.  
 
2.4.1 Partial discharge mechanism 
Partial discharge (PD) is one type of electric discharge that does not completely 
bridge the insulation between electrodes [21-22].  According to the definition, partial 
discharge is a rather broad term; however, the term “partial discharge” used in this study 
is refers to the discharge across the cavities or micro-voids inside the cable insulation.  
In theory, all extruded dielectric cables will be produced with voids (cavities) 
inside insulation materials. The voids will be filled with air or liquid, which indicates that 
the voids are generated during the extruding or the curing process. The voids will have 
different permittivity constant ε as compared with solid insulation materials. Thus, the 
12 
insulation may be viewed as two capacitors in parallel [21]. The below figure 2.4 shows a 








Figure 2.5   Equivalent circuit of cable sample with void [21] 
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In figure 2-5, Ca, CV, and Cb represent the capacitance of sample, void and 
insulation materials in series with the void accordingly. Va is the voltage applied to the 
insulation layer and Vv defines the voltage across the void. Then Vv can be defined 
through following formula: 
 














                                     (2.1) 
The d and d1 in the equation represent the thickness of the sample insulation and 
the void. rε is the relative permittivity of insulation material. When the Vv is larger than 
the threshold breakdown voltage of void, the breakdown will occur across the void, 
initiating the partial discharge. At this moment, the voltage across the insulation layer Va 
will be called inception voltage, which can be attained through formula 2.2 as below: 
 














                                  (2.2) 
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The partial discharge phenomena can also be explained through the waveshape of 




Figure 2.6   Voltage and current waveshape during partial discharge activity [21] 
 
The dotted line shown is the waveshape of voltage across void if no breakdown 
occurs. When the voltage across void Vv is larger the critical breakdown voltage of void 
Vi, the partial discharge will occur and Vv will collapse to a lower voltage Ve. At the 
same time, the discharge inside void will extinguish. This process will repeat until the 
applied voltage reaches its peak and begins to decrease. The similar phenomena can be 
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observed while Va is in between 180 degree and 360 degree. As can be observed from 
figure 2.6, the waveshape of the current will be in the form of short pulses, ranging from 
1 ns to 5 ns wide. 
The detection of partial discharge has been of great interest since the 1950s. Many 
organizations, including universities, research institutions, electric utilities, independent 
laboratories, and cable manufacturers around the world have been seeking a universal 
method to measure partial discharges.  
The basic notion of partial discharge detection is to measure the appearance of 
discharge pulses, either in the form of voltage or current.  Two basic schemes for PD 
detection were presented in [18].  The two basic circuits for PD measurement are shown 
in figure 2.7 and 2.8.   
 
 




Figure 2.8   Measurement system of coupling device in series with test samples [22] 
 
When the circuits are energized with ac voltage, the current will flow into two 
branches, Ck and Ca. The pulse currents of partial discharge are of short duration with 
the magnitude less than 10-4 A [5]. A shunt resistor with a matching coaxial cable is 
connected to the measurement instrument. The discharge waveforms are shown on the 
instrument screens. The scheme of 2-7-1 was used for the PD measurements in the 
experiments. 
Besides the fundamental partial discharge measurement technique, more 
advanced partial discharge and partial discharge location detection methods have been 
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developed as well. S. Rizzeto, G. C. Stone, and S. A. Boggs [23] studied the X ray 
radiation caused by partial discharge and proposed a measurement technique to locate 
partial discharge, which was verified in the later study. Ultra-high frequency partial 
discharge detection methods have been widely used for partial discharge detection in 
power transformer, gas-insulated switchgear, and cables [26]. Other partial discharge 
measurement methods include the ultra-sonic vector [24] method and acoustic wave 
method [25]. The latest innovation in information technology provides a powerful tool 
for partial discharge detection, as they greatly enhanced the ability of signal processing of 
measurement systems. F. H. Kreuger, E. Gulski and    A. Krivda [27-28] also analyzed 
the partial discharge patterns and build models for different partial discharge patterns.   
Not only can partial discharge serve as useful indicator for the status of cable 
insulation, but the partial discharge itself can induce the degradation of cable insulation 
materials.  It has been well accepted that the occurrence of partial discharge will cause 
deterioration of solid dielectric materials through physical and chemical process [29].  
 
2.4.2 Water tree mechanism 
It was not until 1969 when T. Miyashita published a paper entitled “Deterioration 
of Water-immersed Polyethylene Coated Wire by Treeing” that the degradation caused 
by water tree began to catch public attention [30]. Water tree is defined as a diffuse 
structure in a solid dielectric with appearance resembling a bush or a fan. Almost at the 
same time, G. Bahder observed the similar phenomenon in service-aged cables. He 
described the structure as “Electro-Chemical” tree [31].  
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Regarding the origin of the water tree, people have come to a consensus that the 
water tree start to grow from the region where mechanical damages exist. Many people 
believed that the bond scission together with the oxidation led to the growth of water tree 
channels and voids, while other scientists tend to accept the notion that the Maxwell 
forces between molecular generates the water tree channels [32]. According to its origin, 
water tree can be divided into two types: vented tree and bow-tie tree. 
Vented tree grew from the semiconducting inner screen to the insulation surface. 
The shape of the vented tree is more or less like a pencil. S. Grzybowski reviewed the 
changes of morphology of treeing which was caused overload current [33]. J. King and 
M. Grundmeyer [34] carefully studied the morphology of the water tree phenomena. 
Based upon the observation of vented tree movement, S. Boggs’s experiment provided 
the evidence that the vented tree and its path were not conductive [35]. B. S. Bernstein 
and N. Srinivas discovered that the increase of the electric stress led to an increase in the 
length of vented tree [36]. N. Yoshimura also detected a linear relation between growth 
and frequency in a range of 200 Hz to 3 kHz [37]. The combining study attained by        
T. Toshimitusu [38] and Tabata [39] found that the concentration of the vented tree 
increased as temperature increase but the length of vented tree decreased at the same 
time. J. Sletbak and E. Ildstad discovered the effect of temperature cycling on the growth 
of vented tree [40]. T. Tanaka and T. Fukuda observed that the vented trees were 
concentrated in the region where high mechanical stress existed [41]. 
A bow-tie tree starts to grow from the insulation volume and develops along the 
electric field lines. M. Karakelle and P. J. Philips made an assumption that the bow-tie 
tree was the consequence of frozen-in mechanical stresses [42]. The accelerated aging 
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test of cable insulation showed that the length of bow-tie tree would not increase after the 
quick growth during the initiation period. A. Bulinksi and R. J. Densley [43] observed an 
enhancement in bow-tie tree growth as the increase of electric field while opposite results 
was reported by J. Sletbak and A. Botne [44]. J. Sletbak and A. Botne also noticed that at 
higher frequencies acceleration of propagation was found. J. Sletbak and E.Ildstad built a 
relationship between growth rate and temperature gradient [40]. The trend that bow-tie 
tree would concentrate at high mechanical stresses region was also found by Tanaka [43].  
Many paper studies were carried out to detect the water tree inside cable 
insulation without damaging cable or interrupting cable’s function. The accelerated water 
tree test conducted by S. V. Nikolajevic showed that the loss factor would increase as 
aging time increased [45]. J. W. Kirkland reported that the water tree did not affect the 
resistivity of cable insulation [46] while a decrease of resistivity was investigated by       
G. Bahder [47]. K. Abdolall, H. E. Orton, and M. W. Reynolds performed the IR 
technique and found that the difference in the IR spectrum between water aged cable and 
un-aged cable was in a range between 20 and 350 cm-1 [48]. P. Romero and J. Puerta 
tried the traditional dc and ac voltages method to detect the existence of water tree [49]. 
The statistical method was also used to analysis the water tree length and intensity by    
A. A. Al-Arainy, A. A. Ahaideb and M. I. Qureshi [50]. A distinct feature of the water 
tree is that the insulation materials would retain its insulating properties once the water 
tree was dried out. However, the water tree would grow again as the water or water vapor 




2.4.3 Electrical tree mechanism 
Generally, an electrical tree refers to a pre-breakdown phenomenon, which is the 
network of gas-filled channels initiating inside insulation material. Electrical tree is a 
type of damage that develops through a section of the insulation under electric stress.      
J. H. Mason started the work of observation of electrical tree in the 1950s [51]. After 20 
years of intensive researches, R. J. Densley concluded in 1979 that no single mechanism 
could satisfactorily explain the initiation, propagation, and properties of electrical tree 
phenomenon [52]. More than 20 years later, L. A. Dissado stated that a lot unanswered 
questions regarding the origin and long-term development of electrical tree still existed 
[53]. The recent attention is mostly focused on the new models of electrical tree 
propagation, new testing techniques, understanding and application of measured data.  
In R. J. Densley’s publication, the inception of the electrical tree was described as 
the combination effect of electrical stress, mechanical stress, and imperfection inside 
cable insulation. It was reported that the electrical stress at the tips of the tree channel 
would be enhanced and the partial discharges would decompose the insulation materials, 
furthering the growth of electrical tree.  
N. Shimizu and C. Laurent claimed that the above-mentioned mechanism could 
only explain the initiation from the gas charge [54]. However, in a void-free condition, 
the electrical tree would start from the so-called “induction” stage to form voids and 
transfer to gaseous discharge. L. A. Dissado reviewed a number of studies concerning the 
induction period and summarized the process from a physics point of view [53]. The 
relationship between the shape of the electrical tree and partial discharge pattern was 
discussed by R. Patsch and M. Hoof [55]. S. Grzybowski and R. Dobroszewski studied 
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the relationship between PD apparent charge and tree length in 15 kV PE cable samples 
with artificial defects [56]. The partial discharge analysis was conducted by                    
L. A. Dissado, S. J. Dodd and J. M. Alison [57]. The chaos characteristics analysis was 
studied by L. Liu, Q. Zhou and R. Liao, which confirmed and slightly modified the latter 
model [58]. An unconventional testing method to study electrical tree was proposed and 
verified by R. Huuva, V. Englund, and S. Gubanski [59].   
Electrical tree should be distinguished from the breakdown phenomena for the 
reason that the energy transfer is synchronized with the growth of the electrical tree. It 
was mentioned in A. Bulinski, S. Bamji, and R. Densley’s publication that the last decade 
for water tree is the breakdown, when an electrical tree initiate from the tip of water tree 
[60]. The factors that would influence the growth of the electrical tree in water tree region 
were thought to be the same as electrical tree initiated from other imperfection of 
polymer materials. Y. Hayashi, T. Kato, and Y. Suzuoki studied the electrical tree 
initiation and propagation process from water tree by water-needle experiment [61]. 
Many authors agreed that partial discharge was the most reliable method to detect the 
electrical tree in cable insulation. The early research work by   G. Bahder, C. Katz, and J. 
Lawson indicated a relation between the intensity of partial discharge activities and 
growth of electrical tree [62]. The figures below show the electrical tree phenomena in 









Figure 2.10   Electrical tree growing from water tree [63] 
 
2.5 Transient behavior of power systems 
Transient in the power system were induced by any modification to steady state. 
Practically any operation within the power system would cause the transient, such as the 
switching off of a load transformer, reclosing of the switch, or application of large new 
load. Transient in the power system would result in the abnormal overvoltage across the 
components of power system, which was often referred to as switching surges. The 
overvoltage would apply excessive electrical stress on cable insulation, leading to the 
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failure of cables. Figure 2-9 presented a simplified circuit of power system and the 
operation of switch which would generate transient surges.  
 
 
Figure 2.11   Simulation of the origin of transient surges [64] 
 
The switching surges were irregular in shape. The shape of switching surges may 
range from steep front pulse with a rise time of less than 1 µs to the pulse with a tail time 
more than 3000 µs. The switching surges might also have a high magnitude. The 
calculation in [65] done by E.W. Greenfield showed that the magnitude of surges could 
be 3 times their entering value.  
The impacts of switching surges on the aging of cable insulation were studied by 
many authors. S. Grzybowski, L. Cao, and P. Shrestha aged 15 kV XLPE and EPR cable 
by 5000 switching impulses and studied the degradation after the aging [1].                   
M. Marzinotto, C. Mazzetti and M. A. Abdallah investigated the performance of EPR and 
XLPE cables under switching impulses accordingly [66-67]. Similarly, M. Selsiord and 
E. Ildstad aged cable samples by rapid dc-voltage grounding method [68]. S. Grzybowski 
and J. Fan measured the breakdown strength of ac, dc, and pulsating voltages for 5 kV 
XLPE cable [69]. F. Selle and D. Schulte investigated the dc and impulse breakdown 
characteristics for EPR-insulated cables [70]. Many papers reviewed that the aging 
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caused by switching surges directly resulted from the electrical tree initiated by the 
surges overvoltage. Y. Sekii observed the initiation and propagation of impulse tree in 
LDPE by needle electrode method [71]. Since partial discharge was an indicator for the 
electrical tree, the relationship between partial discharge and switching surges was also 
investigated. R. Densley studied the characteristics of partial discharge under combined 
ac and impulse stress [72]. N. Hozumi, M. Ishida, and H. Fukagawa linked the 
morphology of materials with electrical tree initiation in PE material [73]. The length of 
tree was measured by Transmission Electro Method (TEM), and the electrical tree 




















DESCRIPTION OF EXPERIMENT SETUP 
 
The experiments set for the study contained two groups. Different sample 
preparation and measurements were used in the experiments. 15 kV XLPE cables were 
subjected to only switching impulses. 15 kV EPR cables from the same manufacturer 
were aged by switching impulses and elevated ac voltage (3V0) accordingly. 10,000 
switching impulses were applied to samples aged by switching impulses. The samples 
which were aged by elevated ac voltage were aged for 650 hours. Detailed information 
about experiments set up, samples preparation, measuring parameters, and measuring 
devices were given below.  
 
3.1 Switching impulse generator and ac power source 
In the experiments, a 4-stage 8 kJ impulse generator was used to generate 
switching impulse of parameter 250/2500 µs. The magnitude of applied switching 
impulses was 100 kV for the cable samples aged by switching impulses. The applied 
switching impulses were measured through a voltage divider. The waveshaple would be 
transferred through a 14-bit digitizer and then showed on a computer monitor. The 
magnitude as well as rise and tail time would be measured and displayed on screen.
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The rate of applied impulse for both parts of experiments was 2 impulses per minute. 




Figure 3.1   Waveshape of applied switching impulse 
 
For the EPR cable samples aged by elevated ac voltage, the ac voltage was 
provided by a 240/24000 V ac transformer. The transformer was rated for 24 kV with the 
maximum supply voltage of 28 kV. In the experiment, 26 kV, 60 Hz ac voltage was 
applied to cable samples. The ac voltage was measured through a 50 pF capacitance 




3.2 Cable sample preparation 
Single phase 15 kV XLPE and EPR cables with 1/0 AWG solid copper conductor 
were used as test object for the thesis study. The XLPE and EPR cables shared the same 





Figure 3.2   Configuration of test cable samples 
 
The 15 kV XLPE cables were composed of the following layers: 19-stranded 
copper conductor being 10 mm in diameter and surrounded by semiconductor sheath,  
XLPE insulation of 5.5 mm in thickness, semi-conductive layer of 0.91 mm in thickness, 
copper conductive tape of 0.11 mm in thickness and outer low density polyethylene 
28 
(LDPE) jacket of 2.10 mm in thickness. The 15 kV EPR cables used in the experiments 
have the same structures except for a light difference in the size between XLPE and EPR 
cables, which was noted in figure 3.2.  
Different sample preparation methods were used in the experiments. The first 
technique for cable sample preparation was used for samples aged by switching impulses. 








Figure 3.4   Labeling of dimensions for cable samples 
 
The cable samples were prepared into segments of 3 meters in length. The outer 
LDPE jackets and the copper shielding tape were removed completed from the cable 
samples. The semi-conductive layer was also stripped off, except for the middle 30 cm 
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segment. At each end of the samples, a 5 cm segment of semi-conductive layer, 
insulation, and copper shielding tape were removed. Only the 19-stranded copper 
conductor was left. In the middle 30 cm segment, a 6 cm wide piece of aluminum foil 
was firmly attached to the semi-conductive layer and connected to the neutral. A zinc-
based coating of 4 cm in length was sprayed above the insulation and the semi-
conductive layer to reduce the surface discharge. 10 cm non-static polyimide tape with 
low conductivity was wrapped around the zinc-based coating.  
The configuration and dimensions for the cable samples aged by elevated ac 
voltage was displayed in figure 3.5.  
 
 
Figure 3.5   Configuration and dimensions of the second type of cable samples 
 
The cable samples were cut into segments of 5.5 meter in length. The end of cable 
samples was stripped to achieve the proper termination. Active length of a cable sample 
was 4.2 meters.  
Each sample was labeled differently and grouped according to their test 
conditions. Each cable sample was put inside an individual PVC conduit. The PVC 
conduit was filled with tap water to a height below the end termination of the cable 
sample. The stranded conductor of all the cable samples was also filled with tap water. 
30 
The water level was checked regularly during the aging process. Figure 3.6 showed that 
three EPR cable samples were aged by elevated ac voltage (3V0).   
 
Figure 3.6   Three EPR cables aged by elevated ac voltage 
 
3.3 Measurement devices 
 
3.3.1 Partial discharge detector 
During the experiments, all partial discharge parameters were recorded by a 
Hipotronics DDX-7000 digital discharge detector. The DDX-7000 detector uses the 
electrical method to detect partial discharge. The measuring system contained a resistance 
voltage divider and a coupling capacitor. The measuring signals were digitized and 
processed by the advance signal processing software. The measurement system was 
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calibrated by injecting 10 pc signals from the external calibrating source. The following 
figure showed the simplified measuring system and the measurement device.  
 
Figure 3.7   Equivalent circuit of measuring system [74] 
 
For cable samples in group A, partial discharge parameters were recorded every 
1000 applied impulses; for samples which were aged by elevated ac voltage, partial 
discharge parameters were measured at 100 hrs, 200 hrs, 350 hrs, 500 hrs, and 650 hrs 
respectively.  
The high voltage ac source for the partial discharge measurements was a PD free, 
single phase 40 kV, 2 kVA potential transformer. 
 
3.3.2 Dissipation factor and capacitance measurement device 
 During the experiments, the changes in dissipation factor and capacitance of cable 
samples were detected by Biddle Delta-2000 10 kV Automated Insulation Capacitance 
and Dissipation Factor Test Set.  
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The system assumed that capacitor could be represented by a network of two or 
three terminals. In figure 3.8, the capacitance between terminal H and L was CHL and the 
capacitance between each terminal was shown as CHG and CLG.  
 
 
Figure 3.8   Measurement of capacitance circuit [75] 
 
During the experiments, all of the measurements were conducted by a GST guard 




Figure 3.9   Test circuit for GST guard red test mode [75] 
 
The bridge measured the capacitance through the heavy, solid line CHG. Both the 
internal and external capacitances between the high voltage terminal and guard were 
connected in parallel with the power supply. At the same time, the capacitance between 
guard and ground would shunt the Nx bridge. By these means, the measurement results 
would exclude the shunt stray capacitance of measurement device.  
The current passing through an idea insulation system is a pure capacitive current, 
which leads the voltage by 90 ˚. In the real insulation system, all insulations have certain 
power losses, so current will lead voltage by a degree φ (φ<90˚). The dielectric losses 
angle δ will be expressed as δ=90- φ. Then, the power factor will be defined as:  
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                        cos φ=sin δ= 
rI
I                                                        (3.1) 
The dissipation factor can be derived as: 
 




I                                                       (3.2) 
The vector could be explained in the following figure 3.10: 
 
 
Figure 3.10   Vector diagram for the dissipation factor 
 
3.3.3  ac breakdown measurement device 
A single phase 250 kV, 60 kVA, 60 Hz ac source made by Hiptronics was applied 
to measuring the ac breakdown voltages of cable samples after aging. The breakdown 
voltages were recorded through a Hafely resistance voltage divider. 
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All cable samples were tested immediately after the removal of aging force. Both 
ends of cable samples were merged into an oil tank which filled with clean mineral oil. 
The conductors of cable samples were attached to a high voltage power supply.  All cable 
samples were properly grounded.  
 
 
Figure 3.11   High voltage ac source for breakdown voltage measuremnt 
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CHAPTER IV  
MEASUREMENT RESULTS 
 
As mentioned in the previous chapter, the cable samples were aged in different 
conditions. Three XLPE and three EPR cable samples were subjected to the electrical 
stress caused by the switching impulses. The aging of EPR cable by elevated ac voltage 
(3V0) in wet condition was studied as well. The effects of thermal stress were also taken 
into consideration for cable samples aged by elevated voltages. For cable samples aged 
by switching impulses, partial discharge parameters measurement functioned to monitor 
the change of cable insulation as more switching impulses were applied. For cable 
samples aged by elevated ac voltage, measurements of partial discharge parameters, 
capacitances, and dissipation factors were used to evaluate the status of cable insulation. 
The ac breakdown voltages were determined immediately after the aging for all cable 
samples.  
 
4.1 Measurement results for cable samples aged by switching impulses 
 
4.1.1 Partial discharge measurement 
10, 000 switching impulses were applied to tested XLPE and EPR cable samples. 
All cable samples were made to the first type of sample preparation technique. Three 
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XLPE and EPR cable samples were included. Partial discharge measurement was taken 
for XLPE and EPR cable samples after every 1000 applied impulses. 
Table 4.1 and figure 4.1 presented the partial discharge inception voltage for 
XLPE cable samples. Table 4.2 and figure 4.2 showed the partial discharge inception 
voltage of EPR cable samples.  
 
Table 4.1   Partial discharge inception voltage of XLPE cable samples (kV) 
Number of 
Impulses Sample #1 Sample #2 Sample #3 Average 
0 22.3 11.3 22.4 18.7 
500 16.6 12.4 19.3 16.1 
1000 15.8 16.7 18.2 16.9 
2000 14.3 13.9 18.5 15.6 
3000 13.7 17.8 17.8 16.4 
4000 13.8 17.8 15.6 15.7 
5000 13.2 14.2 14.0 13.8 
6000 12.7 14.9 14.1 13.9 
7000 12.7 14.6 12.7 13.3 
8000 13.1 13.4 13.2 13.2 
9000 13.2 12.8 12.8 12.9 




Figure 4.1   Partial discharge inception voltage of XLPE cable samples 
 
Table 4.2   Partial discharge inception voltage of EPR cable samples (kV) 
Number of 
Impulses Sample #1 Sample #2 Sample #3 Average 
0 20.8 20.4 22.4 21.2 
500 16.0 16.6 21.4 18.0 
1000 15.1 16.5 20.2 17.3 
2000 14.1 16.0 19.8 16.6 
3000 13.8 15.5 18.8 16.0 
4000 13.4 15.3 17.4 15.4 
5000 12.2 14.1 15.7 14.0 
6000 12.0 13.5 14.6 13.4 
7000 12.1 13.4 14.0 13.2 
8000 12.0 13.1 14.1 13.1 
9000 12.5 13.0 14.2 13.2 
10000 12.5 12.9 13.3 12.9 
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Figure 4.2   Partial discharge inception voltage of EPR cable samples 
 
 
Figure 4.3   Comparison of partial discharge inception voltage for XLPE and EPR cable 
samples aged by switching impulses 
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The extinction voltage of partial discharge was also determined for both XLPE 
and EPR tested cables. Table 4.3 and figure 4.4 showed the extinction voltage of XLPE 
cables. Table 4.4 and figure 4.5 displayed the extinction voltage of EPR cables. 
 
Table 4.3   Partial discharge extinction voltage of XLPE cable samples (kV) 
Number of 
Impulses Sample #1 Sample #2 Sample #3 Average 
0 21.3 10.6 21.4 20.4 
500 15.5 11.0 18.2 16.9 
1000 14.8 16.0 17.1 16.1 
2000 13.3 12.8 17.7 15.5 
3000 12.9 17.0 16.1 15.0 
4000 12.9 16.9 14.7 14.1 
5000 12.2 13.7 13.2 12.9 
6000 11.8 14.1 13.2 12.3 
7000 11.5 14.0 11.6 12.1 
8000 11.8 12.8 12.0 11.8 
9000 12.0 11.6 11.3 12.0 




Figure 4.4   Partial discharge extinction voltage of XLPE cable samples 
 
Table 4.4   Partial discharge extinction voltage of EPR cable samples (kV) 
Number of 
Impulses Sample #1  Sample #2  Sample #3 Average 
0 20.1 19.7 21.5 17.8 
500 14.7 15.9 20.1 14.9 
1000 13.6 15.2 19.4 16.0 
2000 12.7 14.9 18.9 14.6 
3000 12.8 14.7 17.4 15.3 
4000 11.8 14.2 16.4 14.8 
5000 11.6 12.7 14.4 13.0 
6000 11.4 12.5 13.0 12.7 
7000 11.2 12.3 12.8 12.3 
8000 10.8 12.1 12.4 12.2 
9000 11.4 11.7 12.8 12.3 
10000 11.3 11.8 12.2 10.8 
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Figure 4.5   Partial discharge distinction voltage of EPR cable samples 
 
 
Figure 4.6   Comparison of partial discharge extinction voltage for XLPE and EPR cable 
samples aged by switching impulses 
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It could be observed from figure 4.3 and 4.6 that the EPR cable samples retained a 
higher inception and extinction voltage than XLPE tested samples before and after 
10,000 applied switching impulses. The partial discharge inception and extinction 
voltages were higher than 8.7 kV (V0) after aging, which indicated that the tested cable 
samples retained good electrical properties after aging.  
Number of pulses and pulse magnitude was recorded by DDX 7000 as well.   
Table 4-5 displayed results for XLPE cable sample #1. Figure 4.7 presented the 
measuring data of pulses number for XLPE cable sample #1. Figure 4.8 showed the 
change of pulses magnitude for XLPE sample #1 as more switching impulses were 




Figure 4.7   PD pulse number of XLPE cable sample #1 aged by switching impulses 
Measured at 18 kV, 60 Hz 
44 
 
Figure 4.8   PD pulse magnitude of XLPE cable sample #1 aged by switching impuleses 
Measured at 18 kV, 60 Hz   
 
Table 4.5   PD pulse number and pulse magnitude for XLPE sample #1 aged by                                                       








0 0 0 
1000 177 42.6 
2000 334 64.1 
3000 132 70.9 
4000 245 70.3 
5000 335 142 
6000 281 172 
7000 350 187 
8000 222 174 
9000 552 161 
10000 1965 185 
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Table 4.6 showed the collected the results for EPR cable sample #3. Figure 4.9 
and 4.10 showed the number of pulse and pulse magnitude accordingly.  
 
Table 4.6   PD pulse number and pulse magnitude for EPR sample #3 aged by switching 








0 0 0 
1000 182 51.3 
2000 220 53.9 
3000 1143 62.9 
4000 249 62.8 
5000 1477 53.4 
6000 1288 85.1 
7000 1461 71.4 
8000 2142 88.5 
9000 1293 95.7 
10000 1602 101 
 
 
Figure 4.9   PD pulse number of EPR cable sample #3 aged by switching impulses, 
Measured at 18 kV, 60 Hz 
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Figure 4.10   PD pulse magnitude of EPR cable sample #3 aged by switching impulses, 




The measured partial discharge parameters could be expressed in φ-q-n form [27]. 
Φ represented the phase angle when discharge initiated; q represented for pulse 
magnitude of partial discharge; n represented for number of partial discharge pulses. A 
10-second window was selected to collect the partial discharge signals. The following 
figure 4.11, 4.12, and 4.13 showed the change of partial discharge in φ-q-n form as more 




Figure 4.11   PD of XLPE cable sample #1 aged by switching impulses new, Measured at 
18 kV, 60 Hz 
 
 
Figure 4.12   PD of XLPE cable sample #1 aged by switching impulses after 5000 




Figure 4.13   PD of XLPE cable sample #1 aged by switching impulses after 10,000 




Similarly, figure 4.14 through figure 4.16 presented the partial discharge 
parameters of EPR cable sample #3 aged by switching impulses. The figure below clearly 





Figure 4.14   PD of EPR cable sample #3 aged by switching impulses new, Measured at 
18 kV, 60 Hz 
 
 
Figure 4.15   PD of EPR cable sample #3 aged by switching impulses after 5000 applied 
impulses, Measured at 18 kV, 60 Hz 
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Figure 4.16   PD of EPR cable sample #3 aged by switching impulses after 10,000 




The above figure 4.11 through 4.16 showed the changes of partial discharge 
activities of XLPE and EPR cable samples during aging. As indicated by arrows in figure 
4.11, 4.12 and 4.13, the magnitude and number of pulses increased sharply as more 
switching impulses were applied. The phase angle where most discharges accumulated 
was 90 degree for new sample. For aged sample, the phase angles were shifted to 90 and 
270 degree. Similar trend were observed in the aging process of EPR cable sample as 
shown in figure 4.14, 4.15 and 4.16. The measured partial discharge parameters proved 
that the intensities of partial discharge activities increased. Moreover, the difference of 
partial discharge intensities could be observed. Figure 4.13 displayed that the XLPE cable 
sample had more high magnitude pulses after aging than EPR cable sample. The 
measured partial discharge parameters, as well as the data of partial discharge inception 
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and extinction voltage, provided solid evidence that the deterioration of insulation 
materials had taken place as more switching impulses were applied.  
 
4.1.2 ac breakdown voltage measurement 
The ac breakdown voltage of XLPE and EPR cable samples were determined 
after applying 10,000 switching impulses. Table 4.7 showed the ac breakdown voltage 
for XLPE and EPR cable samples. 
 
Table 4.7   ac breakdown voltage of XLPE cable samples (kV) 
Insulation 
Materials Sample #1 Sample #2 Sample #3 Average 
XLPE 108.3 132.5 135.6 125.5 




Some early studies regarding the impacts of switching impulse on XLPE and EPR 
cable insulation were conducted by P. Shrestha and L. Cao [64]. The average ac 
breakdown voltages turned out to be 139.2 kV for new XLPE cable samples and       
156.1 kV for new EPR cable samples.  However, a wide range in breakdown voltage of 
new XLPE cable could be observed. Table 4.8 and 4.9 summarized the ac breakdown 
voltage of XLPE and EPR cable samples attained by P. Shrestha and L. Cao [64].  The 
following figures 4.17 were made to show the trend of ac breakdown voltage during 




Table 4.8   ac breakdown voltage of XLPE cable samples (kV) [64] 
Number of 
Impulses Sample #1 Sample #2 Sample #3 Average 
0 121.7 125.9 170.0 139.2 
100 131.2 129.1 129.2 129.8 
500 92.0 107.9 155.3 118.4 
1000 126.7 129.1 154.2 136.8 
5000 146.0 160.8 174.2 160.3 




Table 4.9   ac breakdown voltage of EPR cable samples (kV) [64] 
Number of 
Impulses Sample #1 Sample #2 Sample #3 Average 
0 160.8 156.6 151.0 156.1 
100 140.7 116.4 119.1 125.4 
500 162.9 119.1 147.2 143.0 
1000 124.8 129.1 174.2 142.7 
5000 121.7 124.8 90.4 112.3 




Figure   4.17   Trend of ac breakdown voltage for XLPE and EPR cable samples 
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The measured data proved that the degradation of insulation propagated as more 
switching impulses were applied. It could be viewed from the above figures that the 
breakdown voltage of cable samples appeared to decrease sharply after the first 500 
applied switching impulses. The breakdown voltage then started to increase. For XLPE 
cable samples, the breakdown voltage of aged samples was even higher than that of the 
new cable samples. The breakdown voltage of XLPE cable samples aged by 10,000 
switching impulses showed lower value than that of new cable sample. For EPR cable 
samples, the breakdown voltage decreased gradually after the first increase stage. The ac 
breakdown voltages of both XLPE and EPR cable samples after 10,000 applied impulses 
were far above the operating voltage, which was in accordance with the measurement 
data of partial discharge that the cable insulation was still in good working status.  
 
4.2 Measurement results for cable samples aged by elevated ac voltage 
The accelerated aging of 15 kV EPR cable by elevated voltages was carried out. 
Sharing the same sample preparation technique, different sets of cables were tested under 
different conditions. The first cable sample set consisted of three new EPR cable samples. 
The second cable set, including three samples, was aged by elevated ac voltage (3V0) for 
up to 650 hrs without supplying any ac load current. The third cable set, also with three 






4.2.1 Partial discharge measurement 
 
4.2.1.1 Measurement results of new cable samples 
For the first set of cable samples, no aging force was applied. They were treated 
for comparison only. Figure 4.18 and table 4.10 showed the partial discharge inception 
voltage for cable samples in this set. Table 4.11 and figure 4.19 summarized partial 
discharge extinction voltage of new cable samples. 
 
 
Figure 4.18   Partial discharge inception voltage of new cable samples 
 
Table 4.10   Partial discharge inception voltage of new cable samples (kV) 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 Average 
0 31.9 31.2 27.4 30.2 
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Figure 4.19   Partial discharge extinction voltage of new cable samples 
 
Table 4.11   Partial discharge extinction voltage of new cable samples (kV) 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 Average 
0 27.8 27.4 23.6 26.3 
 
Pulse counts and the number of pulses in 10-second window were measured for 
new EPR cable samples. Table 4.12 showed the measured data of partial discharge 
parameters and figure 4.20 presented PD measurement results in φ-q-n format. All of the 
partial discharge parameters measurements of the new cables were taken at 32 kV, 60 Hz. 
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Sample #1 1866 79.6 
Sample #2 851 57.0 
Sample #3 690 52.9 
 
  
Figure 4.20   PD of sample #1 of new cable set, Measured at 32 kV, 60 Hz 
 
4.2.1.2 Measurement results of cables aged by elevated ac voltage 
Three EPR cable samples were aged under the elevated ac voltage without the 
supply of full load ac current. The partial discharge inception voltage and the extinction 
voltages remained unchanged during experiments. The absolute values of the inception 
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voltages and the extinction voltages were above 36 kV for all the cable samples. This 
phenomenon suggested that the deterioration of the cable insulation was minor. 
 
4.2.1.3 Measurement results of cables aged by elevated ac voltage with rated current 
The EPR cable used in the experiments had a current rating of 226 A. Cable 
samples in this set were aged by elevated ac voltage (3V0) while rated ac current was 
supplied 8 hours per day by an ac current source. The total aging time was 650 hours. 
Table 4.13 and figure 4.21 showed partial discharge inception voltage of all the cable 
samples. Table 4.14 and figure 4.22 presented the measurement result of the partial 
discharge extinction voltage. 
 
Table 4.13   PD inception voltage of EPR cable samples aged by elevated ac voltage with 
rated current (kV) 
 
Time 
(hrs) Sample #1 Sample #2 Sample #3  Avg. 
0 30.0 29.7 28.4 29.4  
100 28.9 22.7 34.6 28.7  
200 28.6 24.9 25.4 26.3  
350 27.7 24.6 34.2 28.8  
500 29.3 23.9 22.2 25.1  
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Figure 4.21   PD inception voltage of EPR cable samples aged by elevated ac voltage 
with rated current 
 
 
Table 4.14   PD extinction voltage of EPR cable samples aged by elevated ac voltage 
with rated current (kV) 
 
Time  
(hrs) Sample #1  Sample #2  Sample #3 Avg. 
0 28.6 28.9 26.9 28.1 
100 27.3 21.2 32.5 27.0 
200 27.2 24.1 24.2 25.2 
350 26.7 21.2 34.2 27.3 
500 27.4 23.0 21.5 24.0 
650 22.0 22.0 16.0 20.0 
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Figure 4.22   PD extinction voltage of EPR cable samples aged by elevated ac voltage 
with rated current 
 
The following table and figures presented the measured PD pulse count and pulse 
magnitude of cable sample #2 which was aged by elevated ac voltage with rated current. 
All of the measurement results were recorded in a 10-second time frame at 25 kV, 60 Hz. 







Table 4.15   PD pulse number and magnitude of cable sample #2 aged by elevated ac 








0 31 34.1 
100 413 37.3 
200 146 54.5 
350 1329 60.7 
500 321 74.3 
650 1975 92.7 
 
 









Figure 4.25   PD of cable sample #2 aged by elevated ac voltage with rated current new, 
Measured at 25 kV, 60 Hz 
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Figure 4.26   PD of cable sample #2 aged by elevated ac voltage with rated current after 
650 hrs aging, Measured at 25 kV, 60 Hz 
 
 
When the measurement data was carefully reviewed, an approximate decline of 
the partial discharge inception and extinction voltage could be observed. Although the 
absolute value for each sample was different, all of the cable samples showed the 
decrease of the partial discharge inception and extinction voltages as aging time 
increased. A change in voltages, at which partial discharge parameters were measured, 
was seen for different sets of cable samples. This was mainly attributed to the random 
nature of cavities inside the cable insulation. The better sample preparation technique was 
also believed to improve the quality of measurement. Moreover, a slight difference in 
discharge magnitude was noticed. Although the measurement results of pulse numbers 
showed reluctance, an increase in pulse numbers after 650 aging hours was viewed from 
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figure 4.24. The increase in partial discharge activities indicated that the degradation of 
EPR insulation materials had taken place. 
 
4.2.2 Capacitance and dissipation factor measurement 
The measurements of capacitances and dissipation factors were obtained during 
the aging process to evaluate the status of the cable insulation. The capacitances and 
dissipation factors of the cable samples were recorded at three different voltage levels:    
3 kV, 6 kV, and 9 kV. 
 
4.2.2.1 Measurement results of new cable samples 
The following table 4.16 and 4.17 showed the measurement results of 
capacitances and dissipation factors for three new EPR cable samples at three different 
voltage levels.  
 
Table 4.16   Capacitances of new cable samples (pF) 
Voltage 
(kV) Sample #1 Sample #2 Sample #3 Average 
3 866.22 865.18 866.49 865.96 
6 866.22 865.07 866.44 865.91 
9 866.10 864.96 866.21 865.75 
 
 
Table 4.17   Dissipation factors of new cable samples 
Voltage  
(kV) Sample #1 Sample #2 Sample #3 Average 
3 0.0017 0.0017 0.0017 0.0017 
6 0.0017 0.0018 0.0017 0.0017 
9 0.0018 0.0018 0.0017 0.0018 
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4.2.2.2 Measurement results of cables aged by elevated ac voltage 
Table 4.18, 4.19 and 4.20 demonstrated the capacitances of cable samples aged by 
elevated ac voltages. Figure 4.27 presented the capacitance measurement results. 
 
Table 4.18   Capacitances of cable samples aged by elevated ac voltage (pF), Measured at 
3 kV, 60 Hz 
 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 Average 
0 865.42 868.23 868.22 867.29 
100 865.51 869.38 869.81 868.23 
200 866.15 869.41 869.29 868.28 
350 866.31 870.31 869.70 868.78 
500 866.42 870.52 869.95 868.96 
650 865.83 869.53 869.21 868.19 
 
Table 4.19   Capacitances of cable samples aged by elevated ac voltage (pF), Measured at 
6 kV, 60 Hz 
 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 Average 
0 865.33 868.12 868.12 867.19 
100 865.59 869.04 869.66 868.10 
200 866.08 869.34 869.20 868.21 
350 866.27 870.26 869.57 868.70 
500 866.40 870.44 869.85 868.90 
650 865.87 869.48 869.16 868.17 
 
Table 4.20   Capacitances of cable samples aged by elevated ac voltage (pF), Measured at 
9 kV, 60 HZ 
 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 Average 
0 865.25 868.01 868.00 867.09 
100 865.37 869.14 869.32 867.94 
200 866.01 869.26 869.11 868.13 
350 866.19 870.20 869.49 868.63 
500 866.34 870.42 869.79 868.85 
650 865.81 869.45 869.10 868.12 
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Figure 4.27   Capacitances of cable samples aged by elevated ac voltage, Measured at 9 
kV, 60 Hz 
 
 
The following table 4.21, 4.22, 4.23 and figure 4.28 displayed the dissipation 
factors of cable samples which were aged by elevated ac voltage. 
 
Table 4.21   Dissipation factors of cable samples aged by elevated ac voltage, Measured 
at 3 kV, 60 Hz 
 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 
0 0.0017 0.0017 0.0016 
100 0.0015 0.0016 0.0015 
200 0.0016 0.0016 0.0016 
350 0.0016 0.0017 0.0016 
500 0.0016 0.0019 0.0016 
650 0.0016 0.0016 0.0016 
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 Table 4.22   Dissipation factors of cable samples aged by elevated ac voltage, Measured 
at 6 kV, 60 Hz 
 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 
0 0.0016 0.0016 0.0016 
100 0.0016 0.0017 0.0016 
200 0.0016 0.0016 0.0016 
350 0.0016 0.0017 0.0016 
500 0.0016 0.0019 0.0016 
650 0.0016 0.0017 0.0017 
 
Table 4.23   Dissipation factors of cable samples aged by elevated ac voltage, Measured 
at 9 kV, 60 Hz 
 
Aging Time 
(hrs) Sample #1 Sample #2 Sample #3 
0 0.0017 0.0018 0.0017 
100 0.0015 0.0016 0.0016 
200 0.0016 0.0017 0.0016 
350 0.0016 0.0017 0.0016 
500 0.0016 0.0020 0.0017 
650 0.0016 0.0017 0.0017 
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Figure 4.28   Dissipation factors of cable samples aged by elevated ac voltage, Measured 
at 9 kV, 60 Hz 
 
4.2.2.3 Measurement results of cables aged by elevated ac voltage with rated current 
The cable samples aged by elevated ac voltage with rated current were also tested 
for capacitances and dissipation factors. Table 4.24, 4.25, 4.26 and figure 4.29, 4.30, 4.31 
provided a summary of measurement data.  
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Table 4.24   Capacitances of cable samples aged by elevated ac voltage with rated current 
(pF), Measured at 3 kV, 60 Hz 
 
Aging time 
(hrs) Sample #1 Sample #2 Sample #3 Avg. 
0 865.12 871.57 871.48 869.39 
100 864.74 867.80 868.48 867.00 
200 870.93 871.31 871.74 871.32 
350 871.29 872.63 871.18 871.70 
500 869.30 869.39 870.20 869.63 
650 866.69 867.70 868.61 867.67 
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Figure 4.29   Capacitances of cable samples aged by elevated ac voltage with rated 




Table 4.25   Capacitances of cable samples aged by elevated ac voltage with rated current 
(pF), Measured at 6 kV, 60 Hz 
 
Aging time 
(hrs) Sample #1 Sample #2 Sample #3 Avg. 
0 865.12 871.43 871.27 869.27 
100 864.54 867.64 868.37 866.85 
200 870.78 871.23 871.61 871.20 
350 871.14 872.42 870.98 870.51 
500 869.03 869.23 870.03 869.44 
650 866.71 867.69 868.50 867.63 
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Figure 4.30   Capacitances of cable samples aged by elevated ac voltage with rated 




Table 4.26   Capacitances of cable samples aged by elevated ac voltage with rated current 
(pF), Measured at 9 kV, 60 Hz 
 
Aging time 
(hrs) Sample #1 Sample #2 Sample #3 Avg. 
0 865.12 871.37 871.17 869.22 
100 864.55 867.54 868.3 866.80 
200 870.66 871.17 871.54 871.12 
350 871.07 872.38 870.90 871.45 
500 868.94 869.13 869.98 869.35 
650 866.70 867.70 868.46 867.62 
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Figure 4.31   Capacitances of cable samples aged by elevated ac voltage with rated 
current (pF), Measured at 9 kV, 60 Hz 
 
 
Table 4.27 through 4.29 and figure 4.32 presented measurement data of the 
dissipation factors of cable samples aged by elevated ac voltage with rated current. 
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Table 4.27   Dissipation factors of cable samples aged by elevated ac voltage with rated 
current, Measured at 3 kV, 60 Hz 
 
Aging time 
 (hrs) Sample #1 Sample #2 Sample #3 Avg. 
0 0.0016 0.0017 0.0017 0.0017 
100 0.0018 0.0017 0.0017 0.0017 
200 0.0017 0.0017 0.0017 0.0017 
350 0.0017 0.0017 0.0017 0.0017 
500 0.0018 0.0018 0.0018 0.0018 
650 0.0018 0.0018 0.0018 0.0018 
 
Table 4.28   Dissipation factors of cable samples aged by elevated ac voltage with rated 
current, Measured at 6 kV, 60 Hz 
 
Aging time 
(hrs) Sample #1 Sample #2 Sample #3 Avg. 
0 0.0016 0.0018 0.0017 0.0017 
100 0.0018 0.0017 0.0017 0.0017 
200 0.0017 0.0017 0.0017 0.0017 
350 0.0017 0.0018 0.0017 0.0017 
500 0.0018 0.0018 0.0018 0.0018 
650 0.0018 0.0018 0.0018 0.0018 
                                   
 
Table 4.29   Dissipation factors of cable samples aged by elevated ac voltage with rated 
current, Measured at 9 kV, 60 Hz 
 
Aging time 
(hrs) Sample #1 Sample #2 Sample #3 Avg. 
0 0.0016 0.0011 0.0011 0.0013 
100 0.0015 0.0016 0.0016 0.0016 
200 0.0016 0.0017 0.0017 0.0017 
350 0.0017 0.0018 0.0018 0.0018 
500 0.0018 0.0017 0.0018 0.0018 
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Figure 4.32   Dissipation factors of cable samples aged by elevated ac voltage with rated 
current, Measured at 9 kV, 60 Hz 
                          
 
The measurement results of cable samples aged by elevated ac voltage with rated 
current showed a small change in magnitude the longer the samples were aged. It was 
generally agreed that the capacitances tended to decrease while the dissipation factors 
increase gradually as aging hours increased. The magnitude of the dissipation factor 
would change only when the cable was seriously deteriorated [45]. 
 When compared with the measurement results of cable samples aged by elevated 
ac voltage with rated current, the changes in the capacitance and dissipation factors were 
not as evident for the cable samples aged by elevated voltage. The capacitances showed 
minor increase during the first 350 hrs and started to drop after that. The dissipation 
factors of cable samples decreased after the first 100 aging hours and proceeded to 
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increase after 350 aging hours.  Based upon this observation, it was concluded that the 
aging of cable samples by elevated ac voltage with rated current was more severe than 
that of cable samples aged by ac voltage without rated current. 
 
4.2.3 ac breakdown voltage measurement 
All cable samples were subjected to ac breakdown once the aging term reached. 
The breakdown voltages for new EPR cable samples were also determined. Table 4.30 
summarized the measured ac breakdown voltages of all cable samples.  
 
Table 4.30   ac breakdown voltages of cable samples (kV) 
Set Sample #1 Sample #2 Sample #3 Average 
New 109 60 80 83 
ac. 90 108 112 103 
Acc 78 72 75 75 
                      ac. : Samples aged by elevated ac voltage 
                      acc: Samples aged by elevated ac voltage with rated current 
                                  
 
It was noticed from table 4.30 that new cable samples did not have the highest 
dielectric strength, but the cable samples which were aged by elevated ac voltage. It was 
reported that the extruded cables installed on site for a few years showed a higher 
breakdown voltage than the newly manufactured ones. A similar phenomenon was also 
observed in literature [67-68]. It was believed that the partial discharge activities inside 
cable insulation deformed the small cavities, which helped to improve the breakdown 
voltages [17]. However, if the partial discharges continued, large cavities might be 
created, leading to the decrease of dielectric stress. Cable samples aged by elevated ac 
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voltage with rated current had the lowest remaining dielectric strength. They were 
endured the most harsh test conditions among all the cable samples. The low remaining 
dielectric strength, the increase of partial discharge activities, together with the change in 
the capacitances and dissipation factors proved that deterioration took place for the cable 
samples aged by elevated ac voltage with rated current. It appeared that only minor aging 










CHAPTER V  
CONCLUSION 
 
The accelerated aging of 15 kV XLPE and EPR power cables were studied in this 
thesis. The XLPE and EPR cable samples were tested under different conditions to 
achieve a comparison of accelerated aging rates. Partial discharge parameters, 
capacitances and dissipation factors, and ac breakdown voltage measurements were 
treated as diagnostic tools to evaluate the status of the cable insulation during 
experiments. The experiments studied the aging of XLPE and EPR power cables in two 
different conditions: by switching impulses and by elevated ac stress. The following 
conclusions were drawn based upon the conducted experiments: 
1. Measured partial discharge inception and extinction voltages of the cable 
samples aged by switching impulses provided evidence of the degradation of 
XLPE and EPR insulation after 10,000 switching impulses. 
2. The increase in pulse magnitudes and number of pulses could serve as another 
proof of aging after 10,000 applied impulses. 
3. Dramatic change in the partial discharge parameters for cable samples aged by 
switching impulses were observed, indicating the deterioration of XLPE and 
EPR cable insulation.  
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4. The decrease of ac breakdown voltages was in accordance with the 
measurement results of the partial discharge parameters, supporting the 
conclusion that deterioration took place for the cable samples aged by 
switching impulses.  
5. The small variations in the partial discharge inception and extinction voltages 
revealed that the EPR cable samples subjected to elevated ac voltage were 
only slightly aged. 
6. The capacitance and dissipation factor measurements for cable samples aged 
by elevated ac voltage with rated current showed changes after 650 hours of 
accelerated aging.  
7. Measured ac breakdown voltages further supported the notion that 
degradation happened in the cable samples aged by elevated ac voltage with 
rated current.  
8. All of the cable samples measured in the experiments showed good remaining 
dielectric strengths after accelerated aging, even for XLPE and EPR cable 
samples aged by switching impulses and EPR cable samples aged by elevated 
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